Three genes -p53, p63 and p73 -encode the p53 protein family comprising multiple functionally diverse proteins that originate from alternative promoters and by alternative splicing (Murray-Zmijewski et al., 2006) . The founding member of this family, p53, plays a crucial role in stress response and tumor suppression. It suppresses cancer by sensing genotoxic stress and preventing proliferation of damaged cells by inducing cell cycle arrest, senescence, or apoptosis (Vogelstein et al., 2000) . Recently, another side of p53 came to light as a gene necessary for normal cell function, differentiation and development. p53 plays a pro-survival role in cells with limited and reparable damage by stimulating DNA repair (Ford and Hanawalt, 1997), inducing expression of antioxidant genes (Sablina et al., 2005) , regulating respiration (Matoba et al., 2006) and autophagy (Levine and Abrams, 2008) . p53 can directly control genes functioning not only in the cell cycle but also in the cytoskeleton, endosome and exosome compartments, transcription, translation, cell adhesion and motility, and angiogenesis (Riley et al., 2008) . In the absence of stress or at mild physiological stress, the p53 network serves to integrate signals from many pathways to regulate cellular allostasis and survival. p63 and p73 share many properties of p53 and cooperate with p53 in this function. However, 
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Three genes -p53, p63 and p73 -encode the p53 protein family comprising multiple functionally diverse proteins that originate from alternative promoters and by alternative splicing (Murray-Zmijewski et al., 2006) . The founding member of this family, p53, plays a crucial role in stress response and tumor suppression. It suppresses cancer by sensing genotoxic stress and preventing proliferation of damaged cells by inducing cell cycle arrest, senescence, or apoptosis (Vogelstein et al., 2000) . Recently, another side of p53 came to light as a gene necessary for normal cell function, differentiation and development. p53 plays a pro-survival role in cells with limited and reparable damage by stimulating DNA repair (Ford and Hanawalt, 1997) , inducing expression of antioxidant genes (Sablina et al., 2005) , regulating respiration (Matoba et al., 2006) and autophagy (Levine and Abrams, 2008) . p53 can directly control genes functioning not only in the cell cycle but also in the cytoskeleton, endosome and exosome compartments, transcription, translation, cell adhesion and motility, and angiogenesis (Riley et al., 2008) . In the absence of stress or at mild physiological stress, the p53 network serves to integrate signals from many pathways to regulate cellular allostasis and survival. p63 and p73 share many properties of p53 and cooperate with p53 in this function. However, in the absence of stress, the most important role of 0925-4773/$ -see front matter Ó 2008 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2008.09.003 p53 family is to regulate differentiation and development. It is crucial for this activity that p53 family members are expressed as two groups of proteins with opposing activity. N-truncated isoforms of p63 and p73 support self-renewal of the stem cells, while full-length isoforms of p53, p63 and p73 induce differentiation (Lena et al., 2008; Meletis et al., 2006; Pellegrini et al., 2001; Petrenko et al., 2003; Lin et al., 2005) . Therefore, the balance of various p53 family isoforms may determine cell fate. Another way p53 can affect cell fate is by regulating asymmetric cell division (Colaluca et al., 2008) . In development, the p53 family integrates signaling from different pathways. For example, Ras/MAPK activity induces p53 N-terminal phosphorylation enabling the interaction of p53 with the TGF-beta-activated Smads leading to mesoderm specification in the Xenopus embryo (Cordenonsi et al., 2007) . Absence of p53 during development leads to defects in differentiation, the severity of which depends on the species. In Xenopus, p53 is essential for normal development (Wallingford et al., 1995) , in contrast, p53 null mice are able to develop into adults but are prone to the spontaneous development of cancer (Donehower et al., 1992) . p53 family members can act in a partially redundant way, each protein having its own role. p63 is especially important for the development of epidermis and its derivatives, while p73 is indispensable for the development of the olfactory system (Kaghad et al., 1997; Yang et al., 1998 Yang et al., , 2000 . Various members of the family can cooperate or compete, and regulate each other. The p53 family is the tip of a network, which includes hundreds of other molecules: those that detect and interpret intra-and extracellular signals, those modifying concentration or activity of p53 family members and those functioning in output pathways (Espinosa, 2008) . The p53 family network emerges as an indispensable part of normal development.
Genes of p53 family
All p53 family members have a similar structure with a transactivation (TA), DNA-binding (DBD) , and oligomerization domain (OD) ( Fig. 1) (Murray-Zmijewski et al., 2006) . p63 and p73 have two additional alternative domains at their C-terminus: sterile alpha motif (SAM) involved in protein-protein interaction and transcription inhibition domain (TID). Instead of SAM and TID domains, p53 has at the C-terminus, an unstructured C-terminal basic domain (CTD). Alternative splicing of C-terminal exons results in at least three p63 variants (aÀc) and at least six different p73 terminal variants (aÀu). p63a containing both SAM and TID domains is a less potent transactivating isoform than p63c, which lacks these domains. The TID domain has been proposed to inhibit TAp63a and TAp73a through association with the TA domains (Serber et al., 2002) . p53 has three alternatively spliced C-terminal isoforms (aÀc), where the beta and gamma isoforms lack oligomerization domain; altogether, nine p53 isoforms have been discovered (Bourdon et al., 2005) . The nature of the C-terminus influences DNA binding. For example, CTD of p53 binds DNA weakly and non-specifically and p53 is capable of sliding-moving along DNA via this domain in search for its binding sites (Tafvizi et al., 2008) . A p53 alternatively spliced isoform lacking the most C-terminal 26 amino acids was found to be more active than full-length p53 in inducing mesoderm and endoderm fates in Xenopus (Cordenonsi et al., 2003; Takebayashi-Suzuki et al., 2003) . These data suggest that the C-terminus plays an inhibitory role in this activity. It was found that ectodermally expressed factor XFDL156 binds the C-terminal region of p53 leading to the inhibition of p53 target gene induction and the suppression of mesodermal differentiation (Sasai et al., 2008) .
A conserved feature of the p53 family is transcription from two promoters -one upstream from exon one, and one intronic that generates N-terminally truncated isoforms. The DNp63 isoforms found in mammals and zebrafish are generated from an alternative promoter in intron three (Bakkers et al., 2002; Yang et al., 1998) . p73 has a similar isoform, DNp73 (Yang et al., 2000) . In addition, several other truncated p73 isoforms initiating at different ATGs have been described. A major truncated p53 isoform is generated from an internal promoter in intron four, resulting in a p53 protein initiated at codon 133 (D133p53) (Bourdon et al., 2005) .
p53 family activity and regulation
Activity of the p53 family is regulated at the levels of transcription and translation as well as at post-translational level (Lavin and Gueven, 2006) . At the protein level, p53 activity is controlled mostly by ubiquitin ligase Mdm2 (mouse double minute 2), which targets p53 to proteasomal degradation, and Mdm4, which inhibits its transcriptional activity (Toledo and Wahl, 2006) . The absence of Mdm2 leads to spontaneous activation of p53 without an obvious need for additional modifications ; however, a recent study has suggested that C-terminus acetylation is obligatory for Fig. 1 -Examples of structural organization of p53 family proteins. They are built from several well-defined domains. Multipartite N-terminus contains transactivation domain (TA) and a proline-reach region separating it from the DNA binding domain (DBD). DBA is the most conserved domain among all p53 family members. Oligomerization domain (OD) is followed by a C-terminal basic domain in p53 and by two additional domains in p63 and p73. Sterile alpha motif (SAM) is involved in protein-protein interaction. Transcription inhibition domain (TID) associates with TA domains to inhibit TA isoforms. Sequences involved in interactions with other proteins are localized at N-terminus. DNp63/73 have short transactivation domains. p53 activity (Tang et al., 2008) . p53 regulators can enhance Mdm2 activity (Sui et al., 2004) or attenuate it (Zhang et al., 1998) . p63 and p73 are also regulated by ubiquitin ligases such as Itch (Watson and Irwin, 2006) . In addition, the p53 family activity can be modulated by post-translational modifications (Lavin and Gueven, 2006) . Altogether, p53 can be modified at approximately 24 sites by many kinases including ATM (mutated in ataxia-telangiectasia), MAPK, and checkpoint kinases. These kinases are likely to phosphorylate p63 as well (Finlan and Hupp, 2007) . Abl kinase selectively controls p73 and p63 (Yuan et al., 1999) . Phosphorylation of p53 by MAP or cell-cycle-dependent kinases on Ser33, Thr81 and Ser315 leads to interaction with the peptidyl prolyl isomerase Pin1 and conformational changes that enhance p53 binding to DNA and its activity towards apoptotic pathways Zacchi et al., 2002; Zheng et al., 2002) . Phosphorylation of TAp73 by c-Abl or p38 MAPK also leads to Pin1-induced conformational changes (Montovani et al., 2004) . Several modifications are needed to trigger Pin1-mediated activation; this step, therefore, integrates information and removes noise by restricting the response to signaling above a certain threshold. Other modifications may also change p53 preferences for downstream targets and influence cell fate (Hill et al., 2008; Knights et al., 2006) . Regulation can also be achieved by sequestering p53 family proteins and their regulators into different cellular compartments; for example, during Xenopus oogenesis apoptosis takes place in somatic cells but not in oocytes where pro-and antiapoptotic molecules are separated (Kloc et al., 2007) .
Spatial differences in the distribution of p53 family proteins necessary in development can be achieved in different ways. One mechanism is patterning protein stability during embryogenesis. An example comes from DNp63 regulation. DNp63 activity in the developing zebrafish embryo is restricted to non-neural ectoderm not only by its expression pattern but also by a complementary expression pattern of its modifying enzymes the ubiquitin ligase Nedd4 and SUMO-conjugating enzyme Ubc9 (Bakkers et al., 2005) . These enzymes are excluded from non-neural ectoderm, where DNp63 is required, but are expressed on the dorsal side of the embryo where they can selectively destabilize DNp63. This principle may be used for other p53 family proteins as well.
p53 family proteins bind specific DNA sequences (el-Deiry et al., 1992) as tetramers, often in cooperation with general and specialized transcriptional co-regulators. Tetramers may include various p53 family members. In some instances, p53 cannot transactivate its targets alone but needs TAp63 or TAp73 assistance. Both p53 and TAp63 induce developmentally programmed neural apoptosis in mouse embryos but TAp63 can function in p53's absence while p53 requires TAp63's presence (Jacobs et al., 2005) . Also, the presence of TAp63 or TAp73 is necessary for p53 to bind Bax promoter and to induce apoptosis in mouse embryo fibroblasts expressing the E1A oncogene ). Yet, p53 does not need p63/73 assistance in ionizing radiation and glucocorticoid-induced cell death in T cells (Senoo et al., 2004) .
In the absence of stress, the p53 family regulates hundreds of genes. In the liver of the p53À/À mouse, 1406 genes are differently expressed in comparison to wild-type mouse (Morris et al., 2008) . p63 and p73 have the overlapping targets with p53; some targets can be regulated by both TA and DN isoforms in opposing ways, while other targets are unique to TA or DN isoforms (Sbisa et al., 2007; Wu et al., 2003) .
p53 family proteins regulate other proteins through direct interaction as well. p53 directly binds at least 80 proteins including those participating in signaling, cell cycle, transcription, DNA repair, regulation of reactive oxygen species, cytoskeleton, apoptosis, etc. (Braithwaite et al., 2006) .
4.
Biological activity of the p53 family in development 4.1.
p63 role in development
In the p53 family, deficiency of p63 has the most striking effect on development. In mice lacking the p63 gene, all squamous epithelia and their derivatives (such as skin, hair, teeth, mammary, lachrymal, and salivary glands) are absent, and limb formation is impaired. These mice die shortly after birth (Mills et al., 1999; Yang et al., 1999) . There is some disagreement as to which p63 isoforms are the first to be expressed during mouse embryogenesis and are required for the initiation of epithelial stratification Parsa et al., 1999 ). Yet, p63À/À mice could be rescued by DNp63 but not TAp63 complementation (Candi et al., 2006) . Double TAp63/DNp63 complementation is more efficient than DNp63 alone. It agrees with a view that both TA63 and DNp63 isoforms are necessary for normal epidermal development with DNp63 controlling the expansion of epithelial cells from the progenitors and TAp63 controlling differentiation by acting synergistically and/or subsequently to DNp63. Thymic morphology and cellularity of p63À/À mice were also restored by complementation with DNp63, but not TAp63 (Candi et al., 2007) . Also, mice lacking p63 exons 2 and 3 encoding the TA terminus show normal epithelial morphogenesis and are viable (Suh et al., 2006) .
DNp63a is the major isoform expressed in the ectoderm prior to stratification. Later in development and in adults, DNp63a becomes confined to the basal layer and marks keratinocyte stem cells (Lee and Kimelman, 2002; Mills et al., 1999; Pellegrini et al., 2001; Yang et al., 1999) . A skin microRNA miR-203 represses 'stemness' by repressing DNp63 (Lena et al., 2008; Yi et al., 2008) . DNp63 is also highly expressed in mammary, prostate and lung stem cell lines (Finlan and Hupp, 2007) . Stratified epithelia develop by asymmetric cell division with mitotic spindles oriented perpendicularly to the basement membrane generating a committed suprabasal cell and a proliferative basal cell (Lechler and Fuchs, 2005 ). In contrast, the divisions in p63-null epidermis are lateral to the basement membrane and differentiation and stratification are impaired. Stem cells depend on integrins for niche anchorage and survival and p63 regulates their expression; an absence of p63 causes downregulation of cell adhesion genes, cell detachment, and anoikis (Carroll et al., 2006; Kurata et al., 2004) . DNp63 functions as a Bmp4 target to support epidermal commitment of murine embryonic stem cells (Aberdam et al., 2007 ) and its expression is necessary for the maintenance of epidermal identity. Disruption of p63 in squamous cell lines results in the downregulation of transcripts normally expressed in epithelial tissues and the upregulation of mesenchyme, and neural markers (Barbieri et al., 2006) .
DNp63 regulates the formation of epidermal derivatives Mikkola, 2007; Mills et al., 1999; Yang et al., 1999) . Their development requires interaction of Wnt, FGF, BMP, hedgehog, Notch, and TNF pathways. It includes the formation of an epithelial placode (budding of the epithelium into the mesenchyme) and its subsequent growth and folding in a pattern corresponding to various organs. A morphologically discrete region at the tip of the limb bud is called the apical ectodermal ridge (AER). AER interaction with the underlying mesenchyme is central to limb formation. DNp63 expression is confined to the AER and orchestrates the expression of key genes. Fgf8 and Fgf2, which mediate major growth signals in the epidermal buds, are not expressed in p63 mutants (Laurikkala et al., 2006; Mills et al., 1999) . Expression of the mesenchymal Msx1 is also lost in p63 mutants (Mills et al., 1999) . Other skin appendages such as hair follicles, teeth and mammary gland, also require epidermal-mesenchymal interactions for their development, and their placodes do not form in p63's absence (Laurikkala et al., 2006) . Notch signaling is dysregulated in p63 mutants, and Jag1 and Notch1 expression are lost. Expression of SHH is also reduced in the absence of p63 (Caserta et al., 2006) . The role of p63 in epithelial development is conserved throughout evolution, since p63-deficient zebrafish have impaired skin and fin development (Lee and Kimelman, 2002) . Also during tail regeneration in Xenopus tadpoles, the first layer of cells formed over the wound site express p63 and Smad2 (Ho and Whitman, 2008) . However, not all DNp63 downstream pathways are conserved among species; recent finding implicates P-cadherin as a p63 target playing a crucial role in hair follicle morphogenesis as well as in the AER during limb bud outgrowth in humans, whereas it is not required for either in mice (Shimomura et al., 2008) .
In zebrafish, DNp63 is first detected during gastrulation (Bakkers et al., 2002) . It acts as a transcriptional repressor downstream from Bmps and is required for ventral specification in the ectoderm. Loss of DNp63 leads to reduced nonneural ectoderm followed by defects in epidermal development during skin and fin bud formation. Overexpression of DNp63 leads to the expansion of non-neural ectoderm and the suppression of neural structures resulting in embryos lacking forebrain (Bakkers et al., 2002) . The effect of DNp63 overexpression could be rescued with various transactivating p53 family members including mouse p53 and TAp63b. These data indicate that a right balance of TA and delta isoforms is necessary for normal development and that excessive activity of one isoform can be compensated by an isoform of another p53 family member with opposite activity. In the same work, the authors showed that DNp63 can oppose the dorsalizing activity of overexpressed BMP inhibitor noggin and restore normal dorsal-ventral specification of the ectoderm but it cannot rescue the mesoderm that remains dorsalized. Therefore, DNp63 mediates BMP activity in the ectoderm but not in the mesoderm.
In frog embryos, p63 is only expressed during organogenesis and does not participate in specification of non-neural ectoderm. Only various p53 isoforms are expressed during early stages of development (Cordenonsi et al., 2003) , suggesting that some p53 isoforms can replace DNp63's function in specification of non-neural ectoderm in the frog.
TAp63 isoforms are important pro-apoptotic factors in developing neurons and oocytes (Jacobs et al., 2005; Suh et al., 2006) . Developing neurons need nerve growth factor (NGF) for their survival, absence of NGF leads to the activation of TAp63 and apoptosis (Jacobs et al., 2005) . TAp63 can induce neuronal apoptosis in the absence of p53, but it can also cooperate with p53. p53 alone is not sufficient to induce neuronal death, and embryonic p63À/À mice display a deficit in naturally occurring sympathetic neuron death. The other tissue with high TAp63 expression is the ovaries where it expression progressively increases when developing oocytes go through non-reductive DNA replication and homologous chromosome recombination between E13 and E18.5 and then arrest in prophase of meiosis (Suh et al., 2006) . Arrested oocytes can last for more than a year to be recruited for ovulation in the mouse; in humans, this stage can lasts for decades. Contrary to neurons, TAp63 is not required for ovary development but controls female germ line fidelity. It induces p53-independent apoptosis of oocytes in response to DNA damage. The predominant isoform in oocytes is TAp63a and it seems to undergo phosphorylation after exposure to ionizing radiation. Since the p63 ortholog in Caenorhabditis elegans also protects the germline from genotoxic stress (Derry et al., 2007) , this finding underscores an evolutionary conservation of the p53 family's protein function.
Both p63 and DNp63 isoforms are found in tumors of epithelial origin and in some blood malignancies such as lymphomas (Nylander et al., 2002) . p63+/À mice have a short life span compared to their siblings and show accelerated aging (Flores et al., 2005; Guo and Mills, 2007; Keyes et al., 2005) . It was suggested that p63 deficiency induces cellular senescence through the p19(Arf)/p53 and p16(Ink4a)/Rb pathways. Interestingly, transgenic mice overexpressing DNp63a in the skin were reported to exhibit an accelerated aging phenotype correlating with the levels of Sirt1 (Sommer et al., 2006) . These seemingly contradicting data may reflect the complexity of DNp63 regulation, which may involve autoregulatory loops as well as the effects of other p53 family members (Chu et al., 2008; Harmes et al., 2003) .
p73 role in development
Mice functionally deficient for the p73 gene are more viable than p63-deficient animals -they can survive for two months and about 25% of them reach adulthood (Yang et al., 2000) . They display hippocampal dysgenesis, hydrocephalus, loss of pheromone recognition, chronic infections, and inflammation. The major p73 isoforms expressed during mouse embryonic development are DNp73. p73 is an especially versatile gene. Altogether, it expresses at least 35 mRNA variants; the exact function of this variety is not well understood (Murray-Zmijewski et al., 2006) . Similar to p63, fulllength and truncated isoforms of p73 often exhibit reciprocal functions: truncated isoforms support proliferation and TA isoforms promote differentiation and apoptosis. However, the activity of p73 proteins may depend on the intracellular context. DNp73b and DNp73c have been found to suppress growth in cell cultures, while DNp73a has no such effect (Liu et al., 2004) . TAp73b suppresses growth when overexpressed alone, but synergizes with the proto-oncogene c-Jun to promote cellular survival (Vikhanskaya et al., 2007) . Nevertheless, in most cases p73 full-length isoforms suppress cell growth, while delta isoforms promote it. Endogenous TAp73 levels rise in neuroblastoma cells that have been induced to differentiate by retinoic acid and exogenous TAp73 isoforms induce neuronal differentiation (De Laurenzi et al., 2000) . TAp73 may support differentiation by antagonizing Notch signaling in neuroblastoma cells and in primary neurons (Hooper et al., 2006) . DNp73 plays a pro-survival role in developing neurons by opposing the apoptotic functions of TAp63 and p53 (Jacobs et al., 2005; Pozniak et al., 2000) . In murine myoblasts, DNp73 blocks both cell cycle exiting and differentiation by suppressing the expression of cyclindependent kinase inhibitor p57
Kip2 . In developing nephrons, expression of p73 isoforms is also developmentally regulated: DNp73 is preferentially expressed in proliferating nephron precursors, while in the differentiation domain of the renal cortex it switches to TAp73 (Saifudeen et al., 2005) . These isoforms bind the same target, bradykinin B2 receptor with opposing effects; DNp73 suppresses it, while TAp73 activates it. Despite the fact that deletion of the whole p73 is less detrimental for development than that of p63, overexpression of DNp73 has a lethal effect on development (Erster et al., 2006; Huttinger-Kirchhof et al., 2006) . Embryos overexpressing DNp73 are small and developmentally delayed at E6.5-E8.0, and display gastrulation defects (Erster et al., 2006) . This effect was suggested to be due to dysregulation of the whole p53 family. This suggests that p53/63/73 may function in a partially redundant way during development.
p53 role in development
In mouse, p53 is expressed ubiquitously until day 10.5; at later stages it is expressed during differentiation of specific tissues such as brain, liver, lung, thymus, intestine, and kidney (Schmid et al., 1991) . It is found in postmitotic but not yet terminally differentiated cells. Many studies have demonstrated that expression of p53 in undifferentiated cells can induce differentiation (Almog and Rotter, 1997; Meletis et al., 2006) . p53 induces differentiation of stem cells by suppressing Nanog (Lin et al., 2005) . Correspondingly, reduction of p53 expression in human stem cells prevents them from spontaneous apoptosis and differentiation (Qin et al., 2007) . Primordial germ cells (PGCs) can acquire pluripotency by hyperactivation of Akt signaling or by downregulation of PI3K antagonist PTEN, and p53 deficiency recapitulates the effects of Akt hyperactivation (Kimura et al., 2008) .
In p53À/À animals, proliferation of stem cells is not suppressed and they form regions of hyperplasia in the brain's subventricular zone (Gil-Perotin et al., 2006) . There are also more proliferating hematopoietic stem and progenitor cells in aged p53À/À mice than in wild-type mice (Dumble et al., 2007) . Excessive proliferation of stem cells may contribute to the increased susceptibility of p53À/À mice to spontaneous tumorigenesis as illustrated by the fact that mice with p53 deletion specifically restricted to osteoblasts develop osteosarcomas (Lengner et al., 2006) . Humans with mutations in p53 as well as p53À/À zebrafish have increased frequency of malignancies (Berghmans et al., 2005; Royds and Iacopetta, 2006) . Age-related decline of p53 function has been recently reported, suggesting an explanation for the higher tumor occurrences in older populations (Feng et al., 2007; Ohtani et al., 2007) .
In Xenopus embryos, where only p53 is expressed during early development, its deficiency leads to inhibition of mesoderm differentiation, and in the context of the whole embryo, to severe developmental defects recapitulating aspects of Nodal deficiency (Cordenonsi et al., 2003) . Most p53À/À mice and zebrafish develop without obvious morphological defects (Berghmans et al., 2005; Donehower et al., 1992; Langheinrich et al., 2002) , probably because other p53 family members compensate for p53 deficiency. However, in some p53-deficient mouse strains about 25% of embryos, predominantly females, die before birth. In these embryos, the normal process of neural tube closure fails resulting in overgrowth of the neural tissue in the mid-brain, a condition known as exencephaly (Armstrong et al., 1995; Sah et al., 1995) . Some of these embryos have also craniofacial and limb malformations. Defects in eye development were also found in some p53-deficient strains, again pointing to the importance of the genetic background for the development of p53-deficient phenotypes (Ikeda et al., 1999) . p53À/À animals that look normal differ, nevertheless, from wild-type animals. A distinctive feature of p53À/À mice is that they switch their metabolism to the increased use of glycolysis (Matoba et al., 2006) . Since glycolysis is less efficient than aerobic respiration, p53-deficient mice show decreased endurance. p53 is an inhibitor of NF-kB factor promoting immune response, and in p53À/À mice, inflammatory response is aggravated (Komarova et al., 2005) . In accord with these data, a dominant-negative member of the p53 family DNp73 activates NF-kB (Tanaka et al., 2006) .
The fact that only female p53À/À mice have exencephaly suggests sex differences in p53 pathways. Recently, female stem cells have been shown to be more efficient in the regeneration of skeletal muscle than male stem cells (Deasy et al., 2007) . The difference was attributed to the differential expression of genes related to apoptosis, hypoxia, oxidative stress, and the general cell stress response. In particular, the RNA and protein levels of the antiapoptotic gene Bcl2 are lower in male stem cells, and differentiation is easier to induce in them. Differentiation is a way to prevent malignant transformation. It may explain why overgrowth of neural tissue happens only in female p53À/À mice and why the cancer burden is higher in female patients with Li-Fraumeni Syndrome.
Overexpression of p53 leads to embryonic death. Mdm2-deficient mice die early in development while those deficient in both Mdm2 and p53 develop normally and are viable (Jones et al., 1995; Montes de Oca Luna et al., 1995) . It indicates that Mdm2-mediated p53 degradation is necessary for normal development. The loss of another p53 regulator, Mdm4 also leads to embryonic lethal phenotype that is completely rescued by a concomitant loss of p53, suggesting that Mdm4 has functions in p53 regulation non-overlapping with Mdm2 (Parant et al., 2001) . Examination of Mdm2 null embryos revealed that they die because of apoptosis at E3.5; however, little is known on additional defects in Mdm2 mutants, for example, on the presence of patterning deficiencies. Indeed, deletion of pro-apoptotic factor Bax allows survival but only up to E6.5, suggesting that Bax mediates the pro-apoptotic effects of p53 in early embryogenesis (Chavez-Reyes et al., 2003) . On the contrary, Mdm4-null embryos die because of cell cycle arrest at E7.5, and deletion of p21 alters the mechanism of cell death from cycle arrest to apoptosis. The difference in mechanisms of action between the two inhibitors is that Mdm2 prevents the accumulation of p53 protein while Mdm4 inhibits p53 activity (Francoz et al., 2006) . In developing zebrafish, suppression of Mdm2 leads to p53 upregulation, growth retardation, and apoptosis especially in neural cells (Langheinrich et al., 2002) . Cep1-1 is the sole p53 family member in C. elegans that mediates DNA damage-induced apoptosis and is required for normal development (Schumacher et al., 2005) . Its overexpression also causes widespread cell death.
Another way p53 may be involved in development is through the regulation of cell migration (Morgan et al., 2008; Roger et al., 2006) . p53 is able to prevent filopodia formation, this effect correlates with p53 transcriptional activity and requires its phosphorylation by the p38 protein kinase. Inhibition of filopodia may result in slower cell migration. p53 may also inhibit cell polarization, which is necessary for migration and cell spreading. In mice with augmented p53 activity, wound re-epithelialization is reduced, and defects in cell migration may contribute to this effect (Roger et al., 2006; Tyner et al., 2002) . Conversely, fibroblasts from p53À/À mice exhibit constitutive filopodia formation.
Change in the composition or the ratio of p53 isoforms can lead to distinct phenotypes. C-terminally truncated p53 forms can interact with wild-type p53 and alter p53 activity . Mice expressing a truncated p53 mRNA encoding the carboxy-terminal p53 fragment have increased p53 activity and are resistant to tumorigenesis but exhibit an early aging phenotype. Yet, mice expressing additional copies of the p53 gene exhibit enhanced DNA damage response, are tumor resistant, but age normally (Garcia-Cao et al., 2002) . Moreover, genetically manipulated mice with increased but normally regulated levels of Arf and p53 present strong cancer resistance and alleviated ageing possibly due to the decrease in oxidative damage (Matheu et al., 2007) . It is possible that deregulated constitutive activation of p53 accelerates aging because of excessive cell death and cell senescence, whereas modest normally regulated increases of Arf/ p53 activity may decrease the cell damage associated aging thus postponing it (Matheu et al., 2008) .
p53 family as integrator of cellular signaling
Embryogenesis depends on the coordinated regulation of cell proliferation, differentiation, and death. As was discussed above, TA and delta isoforms of the p53 family play distinct but cooperative roles in the control of these processes. The partial redundancy of the p53 family is illustrated by the fact that animals deficient in one of the p53 family genes can survive for variable periods of time, but no double or triple knockdowns have been reported. The emerging picture is that a precise balance between various p53 family members is required in embryogenesis for the right choice between proliferation, differentiation, and death (Fig. 2) . The balance is achieved by the integration of signaling mediated by TA isoforms with those mediated by DN isoforms. Cellular pathways downstream from growth factor receptors such as phosphatidyl-inositol-3 kinase (PI3K) negatively control TA isoforms. PI3K suppresses p53 activity via Akt and mTOR by inhibiting p53 phosphorylation, promoting translation of Mdm2, and enhancing its stability and nuclear localization (Moumen et al., 2007 ). PI3K's inhibitor PTEN (phosphatase and tensin homolog) is a positive p53 regulator (Kim et al., 2007) . In many cases where TA isoforms mediate developmentally programmed cell death, withdrawal of growth factors activates the isoform. For example, sympathetic neurons need nerve growth factor (NGF) for their survival, and withdrawal of NGF leads to TAp63 activation and apoptosis (Jacobs et al., 2005) . On the other hand, excessive growth-promoting signaling activates p53. For example, expression of oncogenic Ras leads to p38 MAPK-mediated p53 phosphorylation and activation (Bulavin et al., 2002) . Arf integrates information from several oncogenes being activated by activated Ras, c-Myc, E1A, E2F, and b-catenin (Palmero et al., 1998; Sreeramaneni et al., 2005) . Activated Arf inhibits Mdm2 leading to p53 stabilization (Zhang et al., 1998) . Arf-mediated p53 upregulation is critical for protection against age-associated damage and cancer (Christophorou et al., 2006; Efeyan et al., 2006; Matheu et al., 2007) . Oncogenes may activate p53 by stalling DNA replication forks and formation of DNA double-strand breaks (Halazonetis et al., 2008) .
In contrast to TA isoforms, DN isoforms of the p53 family are positively regulated by growth factors. DNp63a expression in keratinocytes is stimulated by epidermal growth factor through PI3K/Akt pathway (Barbieri et al., 2003) . Depletion of epidermal growth factor receptor leads to the downregulation of DNp63a (Nishi et al., 2001 ). Besides growth factors, DNp63a can be activated by PI3K through signals from the Fig. 2 -p53 family includes two groups of proteins with opposite activities: full-length and truncated isoforms of p53, p63 and p73. Full-length isoforms are responsible for stress response and induction of differentiation, while truncated isoforms inhibit stress response and differentiation and promote proliferation. Each member of the family receives independent signaling inputs and can be regulated by other members. Such organization makes p53 family an ideal cellular processor integrating various signals to determine a choice between proliferation, differentiation, cell cycle arrest, senescence or apoptosis. extracellular matrix, which is important for stem cell maintenance. Similarly, NGF is needed for DNp73 expression (Pozniak et al., 2000) . DNp63a gene promoter activity is positively autoregulated via the activation of STAT3 and is abolished by Janus kinase 2 (JAK2)/STAT3 inhibitors (Chu et al., 2008) . DNp63 is a direct transcriptional target of Bmp2b and Bmp7 in induction of non-neural ectoderm in zebrafish (Bakkers et al., 2002) . Also, Bmp2 and Bmp7 induce expression of DNp63 in mouse dental epithelium (Laurikkala et al., 2006) ; and Bmp4 activates DNp63 in murine embryonic stem cells to support epidermal commitment (Aberdam et al., 2007) .
One way of integrating signals is by mutual regulation of p53 family members. DN isoforms suppress the activity of TA isoforms. Inhibition of p53 by DNp73 involves competition for the DNA binding sites, whereas TAp73 can be inhibited by direct protein-protein interaction (Stiewe et al., 2002) . TA isoforms can directly activate transcription of DN isoforms (Nakagawa et al., 2003; Waltermann et al., 2003) . This effect likely depends on cellular content. We and other labs demonstrated that p53 activation in zebrafish embryos is accompanied by the upregulation of D113Np53 (homologue of human D133Np53) (Chen et al., 2005; Danilova et al., 2008; Robu et al., 2007) . D113Np53 lacks TA domain and part of DNAbinding domain. Initially, D113Np53 was suggested to mediate cell cycle arrest in the mutant for endoderm-specific gene def (Chen et al., 2005) , later, however, it was shown that overexpression of this isoform has no effect on development (Robu et al., 2007) . Likewise, human D133Np53 has no transcriptional activity but suppresses p53 transcriptional activity and apoptosis (Murray-Zmijewski et al., 2006) .
The p53 family can act downstream from growth factors and morphogens as a means to regulate proliferation versus differentiation. It plays a role in asymmetric cell division, which is used in development to generate alternate cell fates. Stem cells often divide in a way that one daughter cell maintains stem cell identity while the other initiates differentiation. Asymmetrical stem cell division is based on cell polarity. One protein asymmetrically distributed in mitotic cells is NUMB, an antagonist of the membrane receptor of the NOTCH family. NUMB forms a tricomplex with p53 and HDM2 preventing p53 degradation (Colaluca et al., 2008) . One daughter cell, therefore, will have higher levels of p53, which may promote its differentiation. Notch1 signaling can inhibit the p53 pathway through the mTOR-dependent PI3K-Akt/PKB pathway (Mungamuri et al., 2006) . Another pathway regulating many developmental processes is hedgehog (Hh) signaling; it promotes growth by suppressing p53 through Mdm2 phosphorylation (Abe et al., 2008) .
Some developmentally important genes are jointly regulated by several pathways. Integration of FGF and Activin/ TGFb signaling is required for endoderm and mesoderm formation in Xenopus and p53 implements the integration (Cordenonsi et al., 2007) . FGF phosphorylates p53 through CK1ed on residues Ser6 and Ser9 so that p53 phosphorylation is enriched in the marginal zone where FGF signaling is stronger. Activated p53 then binds TGFb target Smad3 and induces endoderm and mesoderm in Xenopus embryos. In human H1299 cells with constitutive MAPK signaling due to an activating mutation in N-Ras, TGFb-mediated p21 induction was also dependent on N-phosphorylated p53. Inhibition of MAPK signaling abrogates p53 phosphorylation. Hence, p53 phosphorylation at Ser9 and Ser6 serves as an integration node in the cross talk between Ras/MAPK and TGFb in Xenopus and humans. Also in human epithelial cells, p53 cooperates with Smads at the Maspin promoter to regulate cell migration (Wang et al., 2007) . Based on the analysis of the regulatory sequences, about 200 TGFb targets may be co-regulated by p53 (Cordenonsi et al., 2007) . Contrary to Xenopus, in zebrafish, activation of FGF/ERK pathway disrupts endoderm formation (Poulain et al., 2006) .
On the whole, the net effect of p53/p63/p73 activity depends on the ratio of TA/DN isoforms in the cell and the nature of co-regulators present. An adjustable balance of p53 family members serves to lead cells through allostatic changes necessary for development.
p53 family and human congenital abnormalities
Given the broad involvement of the p53 family in development, one would expect that malfunction of this family can be a frequent cause of developmental abnormalities in humans. Mutations in individual members of the p53 family have dissimilar effects on development. Mutations in p53 lead to Li-Fraumeni syndrome characterized by a high frequency of malignancies (Royds and Iacopetta, 2006) . p73-based human syndromes are likely to exist but have not been identified yet. Several human congenital syndromes are caused by mutations in p63. They comprise various combinations of limb malformations, orofacial clefting, and ectodermal dysplasia (reviewed in Brunner et al., 2002; Rinne et al., 2007) . Mutations impairing p63 binding to DNA cause ectrodactyly ectodermal dysplasia-clefting (EEC), an autosomal dominant syndrome consisting of ectrodactyly, ectodermal dysplasia, and cleft lip/palate, with at least two of the three cardinal features needed for the diagnosis. 90% of EEC mutations are in arginine residues 204, 227, 279, 280 and 304 (Rinne et al., 2007) . The effect of a particular mutation varies in manifestation and penetrance suggesting that many factors can modulate p63 defects. Limb-mammary syndrome (LMS) resembles EEC but a milder. It is associated with mutations in the Nand C-terminus of the p63 gene, specifically with a G76W substitution in the putative DNp63 transactivation domain. Therefore, selective defects of the DNp63 isoform have an effect similar to the deficiency of the whole gene. C-terminal mutations in SAM and TID domains found in LMS would disrupt only p63a isoforms. Since DNp63a is the most abundant isoform in development, these defects can be associated with the deficiency of this isoform. Contrary to LMS, orofacial clefting is not observed in acro-dermato-ungual-lacrimal-tooth (ADULT) syndrome (Rinne et al., 2007) . Mutations R298G/Q found in ADULT is in the DNA-binding domain, although the R298 residue is likely not to be directly involved in DNA binding . This mutation enhances transcription activity of the DNp63c isoform although it is not clear if it has any significance in vivo since this isoform is expressed at low levels. Another mutation found in ADULT is N6H in DNp63 isoforms. One case of R227Q mutation in a mother and daughter was classified as ADULT, and in addition to common features of this syndrome, there were several additional finding including hyperextensibility at the distal interphalageal joints, bilateral thumb duplication, bifid toenails, and overgrowth of a patch of hair in the midline of the neck (Reisler et al., 2006) . These features are consistent with DNp63 over activity.
Mutations in SAM and TID domains confer a severe skin phenotype to ankyloblepharon, ectodermal dysplasia, clefting (AES) or Hay-Wells syndrome. The same mutations with milder manifestations are found in what is classified as a separate syndrome, Rapp-Hodgkin (RHS) (McGrath et al., 2001) . Several ankyloblepharon proteins interacting with p63a carboxyl terminus have been identified, including apobec-1-binding protein-1 (ABBP1). p63a and ABBP1 binding leads to a shift in FGFR-2 alternative splicing toward the isoform essential for epithelial differentiation. The inability of mutated p63a to support this splicing likely leads to defects of epithelial differentiation, and in turn accounts for the AEC phenotype (Fomenkov et al., 2003) . Another interesting observation suggests a premature aging in RHS patient manifested as corneal dystrophy and premature menopause at the age of 35 (Holder-Espinasse et al., 2007) . The mutation is a single nucleotide deletion at codon 595 leading to a frame shift and addition of 69 missense amino acids after codon 594. Although premature aging was reported in p63+/À mice this is the first such observation in humans. Recently, N-terminal R11X and R16X mutations have been reported in RHS/AEC-like patients. These mutations result in production of a truncated form of DNp63 by translation re-initiation at the next downstream methionine (Rinne et al., 2008 ). Interestingly, a low level of this new DeltaDeltaNp63 isoform has been found in wild-type individuals although its function is unknown.
Several p63 mutations scattered throughout the p63 gene cause non-syndromic split hand/foot malformations (SHFM4) (Rinne et al., 2007) . Several mutations in SHFM4 are found at the p63 C-end that leads to a truncated protein lacking C-terminal Lys residues that may serve as the putative ubiquitination and sumoylation sites. K549E and K637E mutations abolish sumoylation of p63a, dramatically activate transactivation properties of TAp63a, and inhibit the dominant-negative effect of DNp63a (Huang et al., 2004) .
Mutations in genes downstream of p63 may lead to human syndromes resembling those with p63 mutations. Mutations in the P-cadherin gene have been identified in patients with juvenile macular dystrophy characterized by sparse hair and macular dystrophy of the retina leading to blindness (Shimomura et al., 2008) . Another autosomal recessive disease caused by P-cadherin mutations is ectodermal dysplasia, ectrodactyly and macular dystrophy (EEM) syndrome.
Development can be perturbed not only by malfunction of individual p53 family members but by their imbalance as well. Recent data suggest that such imbalance can be induced by mutations in genes participating in general cellular functions, such as chromatin maintenance, ribosome biogenesis, translation, DNA repair, oxidative stress response etc. (Azuma et al., 2006; Ghiselli, 2006; Lim and Hasty, 1996; Xu et al., 2001; Yeh et al., 2006) . Mutations in these genes lead to p53 upregulation, genomic instability, apoptosis, developmental atrophy of brain, and other defects. The major defects arising from p53 upregulation in zebrafish embryos include brain necrosis, craniofacial and eye abnormalities, and cardiac and visceral heterotaxia (Danilova et al., 2008; Langheinrich et al., 2002; Robu et al., 2007) . Many mutants found in mutagenic screens have a phenotype consistent with p53 upregulation. For example, more than half of the 315 mutants reported by Nancy Hopkins' lab have brain necrosis at day one or two of development (Amsterdam et al., 2004) . This phenotype is observed mostly in mutants for housekeeping genes. Given that the p53 network monitors all vital cellular processes, one can hypothesize that mutations in hundreds of genes may lead to dysregulation of the p53 family. Mutations in certain genes may lead to p53-mediated defects when they are combined with a specific environmental insult. For instance, mouse embryos deficient for bradykinin receptor B2 exhibit hyperphosphorylation of metanephric p53 but develop normally; under saline stress, however, they develop a p53-mediated aberrant renal phenotype mimicking renal dysplasia in humans (Fan et al., 2006) .
In addition to mutations, environmental factors such as ionizing radiation, cold, heat, hypoxia, teratogens, may lead to the p53 network dysregulation in the developing embryo. The importance of the p53 network in preventing the development of abnormal embryos can be illustrated by the following example. X-irradiation of wild-type mice on day 3.5 or 9.5 of gestation leads to a 20% incidence of anomalies and a 60% incidence of deaths, while in p53À/À mice the death rate decreases to 7% and incidence of anomalies increases to 70% (Norimura et al., 1996) . p53 has been demonstrated to play a role as a teratologic suppressor also in mice treated by benzo[a]pyrene (Nicol et al., 1995) . By forcing defective embryos to die, the p53 network decreases the incidence of congenital defects among the survivors. The p53 network was suggested to serve as a checkpoint for the normality of development, preventing damaged or defective embryos from developing beyond initial stages (Hall and Lane, 1997) . However, if the p53 network does not complete its job, then defective embryos would survive and manifest an array of abnormalities, many of them caused not only by the primary defects but also by p53 network dysregulation. Many human congenital syndromes may represent such cases.
Conclusions
p53 family proteins can be seen as master regulators of developmental processes. They integrate signals from various pathways in order to coordinate cell proliferation, differentiation, and apoptosis. A right balance between the pro-survival (DNp63/DNp73) and pro-apoptotic (p53/TAp63/TAp73) isoforms of p53 family members is necessary for normal development. Although many aspects of the p53 protein family's function became recently uncovered, full understanding of how these proteins determine cell fate is still missing and future studies should be aimed at elucidating the molecular mechanisms of their actions.
